Introduction
Gene transfer to airway epithelia could yield a new treatment for cystic fibrosis. [1] [2] [3] Unfortunately, most vectors are inefficient when applied to the apical membrane of differentiated airway epithelia in vitro or in vivo. 4, 5 In the case of adenovirus vectors, inefficiency is due to the lack of viral receptors in the apical membrane. [6] [7] [8] Fiber is the most important capsid protein for binding adenovirus to the cell surface. In the cell membrane the coxsackie adenovirus receptor (CAR) binds fiber. 9 Although less important than fiber-CAR interactions, binding of viral penton base to ␣ v ␤ 3 or ␣ v ␤ 5 integrin also facilitates infection. [10] [11] [12] In differentiated airway epithelia, CAR and ␣ v ␤ integrins are located in the basolateral membrane, [6] [7] [8] making them inaccessible to apically applied virus. Hence, adenovirus is an inefficient vector for gene transfer to the airways.
We recently found that when an adenovirus vector was delivered in a CaPi coprecipitate, gene transfer was markedly increased. 13 Ad:CaPi coprecipitates showed improved gene transfer to differentiated human airway epithelia in vitro and to the large and small airways of mouse lung in vivo. The enhanced gene transfer without an increase in toxicity has the potential to improve the therapeutic index. In order to understand better how delivery of adenovirus as a CaPi coprecipitate improves gene transfer to human airway epithelia, we investigated the cellular mechanisms of Ad:CaPi coprecipitatemediated gene transfer.
Results and discussion
Ad:CaPi coprecipitates increase virus binding to the apical surface of human airway epithelia The lack of binding to the apical surface of differentiated epithelia is an important factor limiting adenovirus infection. Therefore, we tested the hypothesis that coprecipitation with CaPi increases virus binding to the apical surface. Figure 1a shows representative photomicrographs of well differentiated human airway epithelia treated with Cy3-labeled adenovirus alone or with Ad:CaPi; virus appears red. Z series collected by confocal microscopy are shown in en face (top) and as X-Z projections (bottom). Incorporation of adenovirus in a CaPi coprecipitate increased binding to the cell surface. We quantitated this result by counting the number of red pixels per 60× field.
14 Three fields of view were quantitated in each of six epithelia per condition. As shown in Figure  1b , coprecipitation increased binding 54-fold. Figure 1c shows that the increase in binding was paralleled by a 51-fold increase in transgene expression by the Cy3-labeled virus. These results suggest that inclusion of virus in a coprecipitate enhances gene transfer to the airway epithelia, at least in part, by increasing the amount of virus bound to the apical surface. Ad:CaPi coprecipitates infect independent of fiber-CAR interaction The ability of Ad:CaPi to enhance gene transfer from the apical surface suggests that infection is independent of the fiber receptor CAR, because there is little if any CAR present on the apical surface of airway epithelia. [6] [7] [8] However, we considered the possibility that Ad:CaPimediated infection might be dependent on binding to a few CAR molecules on the apical surface. Alternatively, Ad:CaPi might allow virus to access the basolateral surface where they might bind CAR. Two earlier studies suggested that these alternatives are unlikely. First, Ad:CaPi does not alter the transepithelial resistance, suggesting that epithelial integrity is not grossly disrupted, and thus the coprecipitates do not have access to the basolateral surface. 15 Second, Ad:CaPi infection of COS cells could not be competed by recombinant fiber knob. 13 However, to test more directly the hypothesis that Ad:CaPi-mediated infection depends on a fiber-CAR interaction, we studied CHO cells, which do not express endogenous CAR. 9 We expressed CAR in CHO cells by electroporating CAR cDNA; CFTR cDNA was used as a control. Twenty-four hours later, cells were infected for 30 min with either 50 MOI of Ad2/␤Gal-2 alone or as Ad:CaPi. Cells were assayed for ␤-galactosidase activity 24 h after infection. Figure 2 shows that CHO cells expressing CAR were susceptible to adenovirus infection whereas control cells were resistant. In contrast, Ad:CaPi infected CHO cells regardless of whether or not they expressed CAR. These data suggest that Ad:CaPi infects epithelia independent of a fiber-CAR interaction.
Ad:CaPi coprecipitates infect independent of penton base-integrin interaction The interaction between penton base and ␣ v ␤ 3 or ␣ v ␤ 5 integrin facilitates adenovirus internalization and infection. 10 To investigate the dependence of Ad:CaPi coprecipitate-mediated gene transfer on penton baseintegrin interactions, we used an adenovirus mutant in which the penton base RGD sequence is mutated to RAE, Ad2(RAE); this mutation prevents binding to integrin. 16 We studied HeLa cells, which express ␣ v integrins. 17 We applied 50 MOI of virus for 30 min, and then assayed infection by staining with anti-hexon antibody 24 h later. Figure 3a shows that without coprecipitation, fewer cells were infected with Ad2(RAE) than Ad2(wt). In contrast, when virus was delivered as a coprecipitate, the majority of cells were infected regardless of which virus was used. Figure 3b shows the results quantitatively. These data indicate that Ad:CaPi infects HeLa cells independently of a penton base-␣ v integrin interaction. Thus, neither of the adenovirus capsid proteins associated with binding and internalization are required for cell interactions when the vector is in a coprecipitate.
Ad:CaPi coprecipitates do not alter endocytosis in human airway epithelia The significant enhancement of infection by incorporation of adenovirus in CaPi coprecipitates 13 suggested that the coprecipitates might also increase endocytosis across the apical membrane. To test this possibility, we assessed endocytosis using FITC-labeled dextran, a fluid phase marker. Epithelia were treated with EMEM, adenovirus alone, or Ad:CaPi for 1 h at 4°C, then rinsed and incubated with dextran applied to the apical surface. Dextran was removed, the cultures were fixed, and epithelia were examined using confocal microscopy. Figure  4a shows representative photomicrographs of airway epithelia incubated with dextran for 5 min and 2 h. Very few cells contained dextran at 5 min, but by 2 h approximately 10% of epithelial cells were positive. Importantly, there was no significant difference in the number of green cells per field between control epithelia, epithelia treated with adenovirus alone, or epithelia treated with Ad:CaPi at any of the time points studied (Figure 4b ). These data indicate that Ad:CaPi does not alter fluid phase endocytosis.
Ad:CaPi coprecipitation increases the effective concentration of virus at the cell surface Our data suggest that Ad:CaPi enhances gene transfer simply by increasing the amount of virus nonspecifically bound to the apical surface, thus increasing the local concentration of vector. If this is the case, then delivering adenovirus in a very small volume should also markedly increase adenovirus-mediated gene transfer. We tested this prediction by applying 50 MOI of adenovirus to the apical surface of airway epithelia in volumes ranging from 500 l to 1 l. As shown in Figure 5 , as the volume decreased, transgene expression increased. Note, expression is shown on a log scale. When adenovirus alone was delivered in 1 l, transgene expression increased to levels similar to those obtained with Ad:CaPi in 500 l. These data are consistent with the notion that Ad:CaPi enhances gene transfer by increasing the binding of adenovirus to the cell surface, thereby increasing the local concentration of virus.
Ad:CaPi coprecipitates infect cells which take up fluid phase marker from the apical surface If Ad:CaPi coprecipitates enhance gene transfer by simply increasing association with the apical surface, then those cells undergoing active endocytosis at the apical membrane should be the ones that are infected. We tested this prediction using a GFP-expressing adenovirus and a fluid phase marker, Texas Red-labeled dextran. Airway epithelia were treated with EMEM, adenovirus alone, or Ad:CaPi for 30 min, rinsed and incubated with Texas Red-labeled dextran for 4 h. Twelve hours later epithelia were fixed and studied with confocal microscopy. As shown in Figure 6 , all cells which were expressing GFP were also positive for dextran uptake. Furthermore, of 100 GFP positive cells counted in the Ad:CaPi group, all were also positive for dextran. The same was true for adenovirus alone. These data suggest that infection by Ad:CaPi depends on fluid phase endocytosis from the apical surface. This finding is consistent with earlier studies which found that infection of airway epithelia from the apical surface occurs independent of high affinity fiber receptors, [5] [6] [7] [8] and is therefore more limited by constitutive endocytosis across the apical surface of epithelial cells.
Conclusions and implications
Our data suggest that incorporation of an adenovirus vector in a CaPi coprecipitate enhances the efficiency of gene transfer to human airway epithelia by increasing binding to the apical surface. Thus, the local concentration of adenovirus at the apical membrane is high, and when endocytosis occurs, virus is taken up into the cell. Viral proteins then facilitate escape of the vector from the endosome and delivery of the viral DNA to the cell nucleus. 11, 12, 14, [18] [19] [20] [21] [22] Knowledge of this mechanism has several implications for improving gene transfer to airway epithelia. First, our data indicate that a fiber-independent, penton baseindependent, non-specific mechanism to increase apical binding enhances gene transfer. Thus, targeting the apical membrane of airway epithelia probably does not need to be highly specific or selective to enhance efficiency. Second, we found that adenovirus bound to most cells but transgene expression only occurred in cells that showed endocytosis of a fluid phase marker. Thus, if a greater fraction of cells could be induced to endocytose from the apical membrane, gene transfer might be significantly enhanced. Third, use of CaPi coprecipitates might enhance the efficiency and thus the therapeutic 
Materials and methods
Cells and culture Airway epithelial cells were obtained from surgical polypectomies or from trachea and bronchi of lungs removed for organ donation. Cells were isolated by enzyme digestion as previously described. 5 Freshly isolated cells were seeded at a density of 5 × 10 5 cells/cm 2 on to collagen-coated, 0.6 cm 2 diameter Millicell polycarbonate filters (Millipore, Bedford, MA, USA). The cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 and air. Twenty-four hours after plating, the mucosal media was removed and the cells were allowed to grow at the air-liquid interface. 5, 23, 24 The culture media consisted of a 1:1 mix of DMEM/Ham's F12, 5% Ultraser G (Biosepra, Cergy-Saint-Christophe, France), 100 U/ml penicillin, 100 g/ml streptomycin, 1% nonessential amino acids, and 0.12 U/ml insulin. Epithelia were tested for transepithelial resistance and for morphology by scanning electron microscopy.
CHO cells were cultured on 24-well plates (Corning, 25820; Corning, NY, USA) in Hams F-12 supplemented with 10% FCS (Sigma Chemical, St Louis, MO, USA), 100 U/ml penicillin, and 100 g/ml streptomycin. HeLa cells were cultured on 24-well plates (Corning, 25820) in Eagle's minimal essential media (EMEM; Sigma, M-0268) supplemented with 10% FCS (Sigma), 1% nonessential amino acids, 100 U/ml penicillin and 100 g/ml streptomycin.
Vectors and vector-related reagents
A recombinant adenovirus vector expressing ␤-galactosidase, Ad2/␤Gal-2, was prepared as described previously 25 by the University of Iowa Gene Transfer Vector Core at titers of approximately 10 10 infectious units (IU)/ml. We also used wild-type Ad2, and an Ad2 mutant in which the RGD binding motif was mutated to RAE, 16 a generous gift of Dr Paul Freimuth (Brookhaven National Laboratory, Upton, NY, USA). An adenovirus vector expressing green fluorescent protein (GFP), 26, 27 Ad2/GFP, was a gift of Dr Sam Wadsworth (Genzyme, Framingham, MA, USA).
For most studies CaPi coprecipitates were formed by placing 8 × 10 9 particles of recombinant adenovirus in 1 ml of EMEM, which contains 1.8 mm Ca 2+ and 0.86 mm Pi. Then an aliquot of 2 m CaC1 2 (E-1200; Promega, Madison, WI, USA) solution was added to achieve the desired Ca 2+ concentration. For studies on airway epithelia, a final [Ca 2+ ] of 12 mm was used, and for studies on CHO and HeLa cells a final [Ca 2+ ] of 5.8 mm was used. 13 The solutions were mixed by gentle vortexing, and incubated at room temperature for 30 min. Then 250 l was applied to the apical surface and incubated for 30 min, followed by washing the surface twice with EMEM to remove unbound virus.
To evaluate virus association with cells, adenovirus was labeled with the carbocyanine dye Cy3 (Amersham Pharmacia Biotech, Piscataway, NJ, USA) using methods described by Leopold et al. 14 Cy3 was covalently conjugated to capsid proteins of Ad2/␤Gal-2 by mixing 5 nmol of Cy3 with 10 12 particles of virus in 1.5 ml of Na 2 CO 3 , pH 9.0 for 2 h at 4°C. The solution was subsequently transferred to a dialysis chamber (Slide-A-Lyzer, 10 000 mol wt cutoff; Pierce Chemical, Rockford, IL, USA) and dialyzed against two changes of phosphate buffered saline, 3% sucrose, pH 7.4, at 4°C for 24 h. Expression and infection studies were done immediately after dialysis of the conjugate. This labeling procedure decreased the IU/particle ratio by 5-35%.
CHO cells ( 10 7 ) were electroporated with 20 g of plasmid pcDNA3hCAR or pCMVCFTR. 28 The plasmid pcDNA3hCAR was cloned from pcDNA1hCAR (a generous gift from Dr JM Bergelson, Children's Hospital of Philadelphia, Philadelphia, PA, USA) by restricting hCAR from pcDNA1 into pcDNA3 with BamHI and NotI. The cells were plated on 24-well plates at 250 000 cells per well and grown overnight at 37°C.
Evaluation of transgene expression and infection
We measured total ␤-galactosidase activity using a commercially available method (Galacto-Light; Tropix, Bedford, MA, USA). After rinsing with PBS, cells were removed from filters by incubation with 120 l lysis buffer (25 mm Tris-phosphate, pH 7.8; 2 mm DTT; 2 mm 1,2-diaminocyclohexane-N,N,NЈ,NЈ-tetraacetic acid; 10% glycerol; and 1% Triton X-100) for 15 min. Light emission was quantified in a luminometer (Analytical Luminescence Laboratory, San Diego, CA, USA).
We estimated the number of cells infected with Ad2(wt) and Ad2(RAE) by staining with an anti-hexon antibody. 6 HeLa cells were studied 24 h after infection. Cells were fixed with acetone/methanol and stained with a polyclonal FITC-labeled anti-hexon antibody (Chemicon International, Temecula, CA, USA), and nuclei were counterstained with DAPI (Molecular Probes, Eugene, OR, USA). Hexon-positive cells were counted by fluorescence microscopy. This method allows detection of infected cells by staining for the most abundant adenovirus protein, hexon, and has better sensitivity than use of reporter genes such as ␤-galactosidase. 6 Evaluation of adenovirus binding by confocal microscopy Fifty MOI of Cy3-labeled Ad2/␤Gal-2 in 250 l of EMEM either alone or as a CaPi coprecipitate were added to the apical surface of airway epithelia at 4°C. After 1 h the virus was removed by rinsing twice with EMEM. Cultures were fixed with 4% paraformaldehyde at 25°C for 30 min, then rinsed three times with PBS. The cells were stained with Oregon Green-labeled phalloidin (Molecular Probes) for 20 min, rinsed, and then mounted on glass slides with Vectashield (Vector Laboratories, Burlingame, CA, USA). Optical sections of fluorescent samples were obtained using a Bio-Rad MRC-1024 equipped with a Kr/Ar laser at 60× magnification. Data was reconstructed in an X-Z series and projected en face and vertically.
Evaluation of fluid phase endocytosis FITC-labeled or Texas Red-labeled dextran (3000 Da, Molecular Probes) was applied to the apical surface of well-differentiated airway epithelia at a final concentration of 0.5 mg/ml in EMEM. Solutions were left on the apical surface for a specified length of time, epithelia were then rinsed twice with EMEM. Cultures were fixed with 4% paraformaldehyde and mounted on glass slides in Vectashield (Vector Laboratories). Optical sections of fluorescent samples were obtained using a Bio-Rad MRC-1024 equipped with a Kr/Ar laser.
